The inactivation of Clostridium perfringens type A spores (three strains of different heat resistances) at ultrahigh temperatures was studied. Aqueous spore suspensions were heated at 85 to 135 C by the capillary tube method. When survivors were enumerated on the standard plating medium, the spores appeared to have been rapidly inactivated at temperatures above 100 C. inactivation for a given increase in treatment temperature can be smaller (6, 11), and the rate and extent of spore injury can be greater in the UHT range (11) than at lower temperatures. Therefore, the actual inactivation characteristics of C. perfringens spores at UHT may be very different than those expected on the basis of heat treatments at lower temperatures.
The presence of Clostridium perfringens spores in food is a potential health hazard because cooking can heat activate the spores and mishandling of the food can result in germination, outgrowth, and vegetative cell growth. The incidence of C. perfringens food poisoning in the United States has been high in recent years (3, 4) , yet little attention has been given to the inactivation of C. perfringens spores. This may result from a belief that C. perfringens spores are not particularly heat resistant. However, Roberts (14) observed considerable resistance of spores of certain food poisoning strains to heat treatments at 80 to 100 C. More recent studies (8, 9) indicated that C. perfringens spores are injured by heat treatments in this temperature range. The enumeration methods used by Roberts may not have detected injured spores; therefore, C. perfringens spores may be more heat resistant than previously recognized.
Ultrahigh temperature (UHT) processing offers higher product quality and longer shelf life and may be more widely used in the future, but inactivation for a given increase in treatment temperature can be smaller (6, 11) , and the rate and extent of spore injury can be greater in the UHT range (11) than at lower temperatures. Therefore, the actual inactivation characteristics of C. perfringens spores at UHT may be very different than those expected on the basis of heat treatments at lower temperatures.
The objective of this study was to evaluate the thermal inactivation characteristics of C. perfringens spores at UHT. was added to a final concentration of 1 Wg/ml to make TYCS plus lysozyme. Sodium sulfite and lysozyme were added to the autoclaved medium just prior to pouring into petri dishes.
Preparation of spore suspensions. Spores were obtained by the method of Duncan and Strong (10) . Spores were separated from vegetative cells by repeated centrifugation and washing with cold, sterile, distilled water, and were stored in sterile distilled water at 2 C.
Heat treatments. Portions of the stock spore suspension (107-109 spores per ml) were heat activated at 75 C for 20 min, cooled, and UHT treated by the capillary tube method (7) . When the heating menstruum was 60 mM sodium phosphate buffer, the spores were heat activated in water, centrifuged, suspended in buffer, and UHT treated. Equilibration of the spore suspensions to treatment temperature required 8.7 s. Treatment times were corrected (12) for inactivation during temperature equilibration, using the ZD values determined in this study, and were expressed as equivalent times at treatment temperature.
Enumeration of survivors. Duplicate capillary tubes containing UHT-treated spores were washed, rinsed in sterile distilled water, and crushed in 99 ml of 0.1% peptone (Difco) water containing 0.02% (wt/ vol) Antifoam B (Sigma Chemical Co., St. Louis, Mo.). The spores were diluted in peptone water, and portions of the diluted suspension were pipetted into petri dishes and mixed with TYCS or TYCS plus lysozyme. The solidified agar was overlaid with the same medium and incubated in a 90% N2-10% CO2 atmosphere in Anaero-Jars (Pfizer, Inc., New York) at 35 C for 48 h.
RESULTS
Inactivation kinetics. When survivors were enumerated on TYCS without lysozyme, the spores of all three strains (initially 107 to 109/ ml) appeared to have been rapidly inactivated. At temperatures greater than 107 C for strain 8798 and 97 C for strains 10240 and 3624, the decimal reduction times (D values: times required for a 90% reduction in viable spores) were less than 1 min. The time-survivor curves for strain 8798 spores generally were linear and unbroken ( Fig. 1 ). There was no evidence of tailing, even when the number of survivors was reduced to less than 0.0001%. Similar results were obtained for strains 10240 and 3624, although the inactivation rates were much greater.
The recovery of survivors and therefore the apparent inactivation kinetics were markedly different when heated spores were plated on TYCS plus lysozyme (Fig. 2) . The presence of lysozyme in the medium did not affect the colony counts of non-UHT-treated spores or the recovery of spores surviving the early stages of heating. The initial reductions in survivors were at rates similar to those observed for recovery on TYCS. For treatment temperatures above 95 C, however, lysozyme improved the recovery of spores surviving extended UHT treatments, and the initial reductions in survivors were followed by decreased rates of inactivation. No lysozyme effect was observed for the lower temperatures even after extensive inactivation, e.g., strain 8798 spores heated at 95 C to less than 0.00001% survivors. Similar results were obtained for strains 10240 and 3624.
Regardless of the treatment temperature, if a lysozyme effect was observed, the portion of the time-survivor curve indicating a response to lysozyme (decreased rate of inactivation) extrapolated to an ordinate intercept representing 1 to 2% of the non-UHT-treated spore population. This was observed for strains 8798 (Fig. 2) , 10240, and 3624. Effect of heat activation on heat resistance. Less than 1% of the non-heat-activated \3 strain 8798 spores formed colonies on TYCS (Fig. 4) . The presence of lysozyme in TYCS increased the colony counts of unheated spores by approximately 1.4% of the total viable count.
-4 -w \ _ -The unheated spores were activated during the \i20C early stages of UHT treatment. The apparent rates of inactivation were unaffected by the prior heat activation treatment. 10000 value than had been reported for these spores Time (sec) heated in phosphate buffer (9, 10 TYCS were much smaller ( Table 1 ). The D values for the other strains were also lower. The D values for spores responding to lysozyme, however, were more than doubled. DISCUSSION C. perfringens spores are not generally considered to be particularly heat resistant and would not be expected to be important in UHTtreated foods. However, Roberts (14) observed that spores of several food poisoning strains exhibited considerable resistance to heat treatments at 80 to 100 C. The results obtained in this study for C. perfringens spores heated at 90 to 135 C are similar to those reported by Roberts and also indicate a high degree of heat resistance (Fig. 5) . The high heat resistance does not appear to involve heat adaptation (1) during heat activation or UHT treatment. Also shown in Fig. 5 are inactivation data reported by others for various types of spores. Strain 8798 spores are more heat resistant than spores of five mesophilic Bacillus spp., including the highly heat resistant B. subtilis A. The resistance of strain 8798 spores also appears to be greater than that of the other food poisoning sporeformers, B. cereus and Clostridium botulinum types A and B (Fig. 5, reference 17) , and similar to or greater than the heat resistance of putrefactive anaerobe 3679 NCA strain which is commonly used for thermal process evaluation. b Survivors enumerated on TYCS without (-L) or with (+L) lysozyme. When the influence of lysozyme was detected, the D value was calculated from the portion of the time-survivor curve indicating a response to lysozyme.
c ND, no influence of lysozyme detected.
5. The greater heat resistance in phosphate buffer also observed for other spores suggests that C. perfringens spores suspended in certain foods may be even more heat resistant than indicated in Fig. 5 .
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Maximal recovery of heated C. perfringens spores required lysozyme in the plating medium. Similar findings have been reported for these and other strains of C. perfringens spores heated at lower temperature (8, 9) , but the extent of injury is much greater after heating in the UHT range (Fig. 3) . Duncan et al. (9) attributed the higher recovery to lysozyme mediated germination of spores sublethally damaged (injured) during heating. Development of thermal processes that will lower the total number of viable C. perfringens spores in food to an acceptable level and monitoring the effectiveness of such heat treatments requires the incorporation of lysozyme into the recovery medium to allow the detection of injured as well as uninjured spores. This is especially important for evaluation of UHT processes. None of the media recommended (2) for the specific enumeration of C. perfringens in foods or for the examination of canned foods contains lysozyme. Two media (13, 16) contain egg yolk emulsion which may provide sufficient lysozyme (8) .
Enumeration of survivors on TYCS plus lysozyme yielded biphasic-concave time-survivor curves. Similar inactivation kinetics have not been reported for C. perfringens spores heated at lower temperatures and plated on lysozyme containing media (8, 9) . However, the survival data reported by Duncan et al. (9) for strains 3624 and 8798 heated for one time and temperature agree with the inactivation kinetics and parameters presented here.
Ordinate intercepts for the second phase of the biphasic time-survivor curves were similar for all treatment temperatures. This is characteristic of mixed spore suspensions, the two types of spores typically differing in heat resistance (15) . These kinetics were observed only when lysozyme was added to the plating medium to germinate injured spores (9), suggesting that 1 to 2% of the spores possess uniquely heat resistant outgrowth systems. Alternatively, the spores may be equally heat resistant but differ in their sensitivity to lysozyme, and the time-survivor curves describe the rapid inactivation of the heat sensitive germination system and the slower inactivation of the heat resistant outgrowth system common to all the spores but expressed only by the spores germinated by lysozyme. This would be consistent with (i) the D and ZD values obtained for spores heated at the lower treatment temperatures and enumerated with or without lysozyme (Fig. 3) and, (ii) the increase in colony counts of nonheat-activated spores when lysozyme was added to TYCS (Fig. 4) . This requires further clarification. If some surviving spores are not detected because they are insensitive to lysozyme, survival data obtained using lysozyme containing media could still be in error by 50-to 100-fold.
The data presented here indicate that some C. perfringens strains produce spores of considerable heat resistance. These spores could be very important in establishing thermal process requirements. Accurate evaluation of thermal processes, especially UHT processes, requires that current recovery methods by modified by supplementation of the recovery medium with lysozyme and possibly sensitization of surviving spores to lysozyme.
